Sea urchins are noted for the absence of neoplastic disease and represent a novel model to investigate cellular and systemic cancer protection mechanisms. Following intracoelomic injection of the DNA alkylating agent methyl methanesulfonate, DNA damage was detected in sea urchin cells and tissues (coelomocytes, muscle, oesophagus, ampullae and gonad) by the alkaline unwinding, fast micromethod. Gene expression analyses of the coelomocytes indicated upregulation of innate immune markers, including genes involved in NF-kB signalling. Results suggest that activation of the innate immune system following DNA damage may contribute to the naturally occurring resistance to neoplastic disease observed in sea urchins.
Introduction
There is a wide discrepancy in the occurrence of cancer across different animal groups, with high incidence in some animals (e.g. some mammals, fish, bivalves) and others showing low or no incidence (e.g. echinoderms, crustaceans) [1, 2] . Sea urchins have been noted for the absence of neoplastic disease [2, 3] , despite the observation that some species are very long-lived (living more than 100 years) [4] , they possess high regenerative capabilities [5] and lack an adaptive immune system [6] . Incidences of tumours in some commercial shellfish are often correlated with exposure to genotoxic chemicals in the wild [7] and some studies have established a causal relationship by exposing bivalves to carcinogens in controlled laboratory experiments [8, 9] . Whole animal exposures of sea urchins have not been reported; however, sea urchin coelomocytes (immune cells) treated in vitro are highly resistant to a variety of DNA damaging agents and show efficient DNA repair mechanisms [10, 11] . It is unknown whether this resistance to DNA damage is a unique characteristic of the immune cells or whether other cell types and tissues of adult sea urchins are also resistant to genotoxicants.
The immune system plays an important role in detection and ablation of potentially cancerous cells and several studies have uncovered direct links between the DNA damage response and the innate immune system [12, 13] . For example, the DNA damage response can activate the transcription factor NF-kB, which initiates transcription of genes involved in innate immunity [14] . The innate immune system of sea urchins is highly complex, with expansion of several immune gene families (i.e. toll-like receptors) and homologues of many key vertebrate immune receptors, regulators and effectors including transcription factors related to the NF-kB family [6, 15] . It is clear that innate immunity and the DNA damage response are intimately linked [12, 14] , and understanding the extent of innate immune response to genotoxic challenge in sea urchins is potentially informative in elucidating mechanisms of natural resistance to carcinogenesis. The aim of this study is to measure DNA damage among different tissues of adult sea urchins and & 2016 The Author(s) Published by the Royal Society. All rights reserved. evaluate induction of innate immune genes following in vivo exposure to the genotoxicant methyl methanesulfonate (MMS).
Material and methods
All animal collections and experiments complied with the Collecting and Experimental Ethics Policy of the Bermuda Institute of Ocean Sciences. Adult Lytechinus variegatus (50-90 mm) were maintained in flow-through aquaria under ambient temperature and light conditions and were fed macroalgae and lettuce.
Coelomocyte in vitro exposures were carried out according to Reinardy & Bodnar [11] . After exposure, subsamples of cells were removed for analysis of DNA damage in whole coelomocytes, and the remaining cells were pelleted (8000g, 5 min) and stored at 2808C for DNA extraction.
For in vivo exposures, animals were treated by intracoelomic injection (0.5 ml) of MMS diluted in calcium-magnesium-free seawater (CMFSW) [11] to give a final concentration of 0 (CMFSW only), 100 or 300 mg MMS kg 21 body weight. Each animal was held in an individual container with 1 l fresh seawater for 24 h. Three animals were treated simultaneously (0, 100 and 300 mg kg 21 ), and this experimental set-up was repeated on five consecutive days for a total of n ¼ 5 replicates. Prior to in vivo treatment, coelomic fluid (CF, 200 ml) was collected for initial cell counts and background DNA damage measurement of coelomocytes. CF (200 ml) was collected after 1, 3, 6 and 24 h. After 24 h, animals were dissected and tissues [oesophagus (ES), Aristotle's lantern muscle (ALM), gonad (GON), ampullae (AMP) and coelomocytes (COEL, pelleted from 1.5 ml CF)] were collected. DNA was isolated from tissues (or cell pellets) following the DNAzol ES w Reagent protocol (MRC, USA) and quantified by dsDNA Quant-iT assay (Invitrogen).
DNA damage was detected by the fast micromethod, which analyses rates of alkaline unwinding as an indication of the amount of DNA strand breaks [10, 11, 16] , with minor modification for extracted DNA. Samples were assayed in triplicate or quadruplicate by loading 20 ml (50 000 cells or 75-100 ng DNA) into each well. Lysis, alkaline unwinding, fluorescent detection (SpectraMaxM2, Molecular Devices) and strand scission factor (SSF) calculation [SSF ¼ log(%dsDNA sample /%dsDNA control ) Â (21)] were as previously described [10, 11, 16] .
RNA extraction, cDNA synthesis and quantitative reversetranscription PCR (ABI7300) were conducted in coelomocytes as previously described [11] . Primer details are in table 1. PCR efficiency was calculated (E ¼ 10 (21/slope) ), control genes were validated by non-significant treatment effect on expression and the geometric mean of control genes was used to calculate relative gene expression [17] 
Results and discussion
MMS is an alkylating agent that adds methyl groups to nucleophilic sites on the DNA bases, creating lesions including 7-methylguanine that are primarily repaired by the base excision repair (BER) pathway [18] . MMS can additionally cause DNA strand breaks by indirect oxidative damage (intracellular production of reactive oxygen species) and targeted nicks in the DNA by BER [19] . MMS-induced DNA damage can be detected by DNA strand break assays such as the fast micromethod, which measures total DNA damage rather than DNA methylation directly and has the advantage of being applicable to both whole cells and isolated DNA [11] . There was a significant concentration-dependent increase in DNA damage in both whole coelomocytes and DNA extracted from frozen samples after in vitro exposure, and in whole coelomocytes after in vivo exposure to MMS (figure 1) (individual data in the electronic supplementary material). There was a trend in the whole coelomocytes to have higher absolute levels of DNA damage compared with levels detected in The in vitro concentration response in DNA damage for coelomocytes exposed to MMS up to 10 mM was the basis for calculating concentrations of MMS for in vivo exposure. Sea urchin volume was estimated as the volume of a hemisphere (based on animal diameter) and verified by volume of CF collected upon dissection following 24 h exposures. The highest in vivo treatment of 300 mg kg 21 approximated to 5.2-9.6 mM MMS based on estimated hemisphere volume or volume of CF, respectively. Despite uncertain estimation, the exposure range between the in vitro and in vivo experiments was closely matched. After 24 h exposure, the animals were dissected and DNA extracted from the tissues. There was a concentrationdependent increase in DNA damage in all tissues, significantly higher than controls in gonads and coelomocytes (figure 2a). High variability among individuals may reflect high natural variability in these wild-caught animals, or technical variations in delivery of treatment or sampling of tissues. This is the first study to compare genotoxicant sensitivity in adult sea urchin tissues exposed in vivo, and results suggest similar levels of DNA damage in all tissues. Previous studies have suggested that coelomocytes are highly resistant to DNA damaging agents [10, 11] , and based on the results of in vivo MMS exposure, it is tempting to speculate that this resistance extends to other sea urchin tissues; however, further studies are required before making this conclusion.
To explore potential links between the DNA damage response and the innate immune system, expression of a number of genes was investigated in coelomocytes 24 h following in vivo MMS exposure. These genes were selected to cover a range of innate immune pathways to indicate links between DNA damage induction and innate immune response. Out of the five animals in the highest treatment group, one individual consistently did not respond by upregulation of any genes of interest, in contrast with the consistent pattern of gene expression presented in the other four animals. Significant upregulation of gadd45 (figure 2c) indicates stress signalling and DNA damage detection, and GADD45 also plays an important anti-tumour surveillance role in immunity [20, 21] . Genes involved in NF-kB signalling were selected because of rsbl.royalsocietypublishing.org Biol. Lett. 12: 20151057 the critical importance of NF-kB in immune regulation, and development and progression of cancer [13] . Immune challenge and genotoxic stress have been shown to activate NF-kB signalling via transmembrane cell receptors or stressactivated protein kinases (e.g. Jun N-terminal kinases) that recruit factors such as TNF-receptor associated factor to activate and phosphorylate IkB kinase complex to initiate downstream NF-kB nuclear translocation and gene transcription response [22] . While NF-kB-mediated response is well characterized for DNA double strand breaks, the response to genotoxic alkylating agents is not well characterized [14] . The key genes selected from the NF-kB pathway (traf, ikb, nfkb) were all significantly upregulated in coelomocytes from the highest treatment group (300 mg kg 21 MMS), but the trend in upregulation was not significant for ikk2 and rel (figure 2b). Results indicate a response in the NF-kB pathway; however, induction of other innate immune genes suggests a general response beyond the NF-kB pathway. Other genes that responded to the genotoxicant treatment were TANKbinding kinase 1 (tbk1) and irf4, which are associated with DNA-PK in surveying DNA and signalling IRF3-dependent nuclear transcription [23] , non-significant upregulation of rae1, an NKG2D ligand involved in protein binding [13] , and a significant upregulation of 185/333 (figure 2c). 185/333 is a diverse gene family in sea urchins, with around 100 different alleles, extensive post-translational protein diversity and responsive to bacterial lipopolysaccharide challenge, but the cellular function of the proteins, and the evolutionary significance of the high diversity, are still unknown [24] . These results indicate a far-reaching innate immune response following MMS-induced genotoxic stress in sea urchins; however, further studies are required to rule out possible indirect effects of methylation of other nucleophilic cellular components. Investigations of the genome-wide response to MMS and other DNA damaging agents are needed to build on this foundation and explore the extent of interactions between the DNA damage response and the innate immune system in resistance to neoplasm.
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